If the thresholds for detecting sinusoidal amplitude or frequency modulation of a sinusoidal carrier with frequency fc are expressed in terms of the respective modulation indices, m and/3, the ratio 13/m decreases as the modulation frequency increases, and approaches an asymptotic value of unity. The modulation frequency at which the ratio first becomes unity is called the critical modulation frequency (CMF}. It has been suggested that the CMF is reached when the spectral sidebands in the stimulus first become detectable and that the CMF corresponds to half the value of the critical bandwidth (CB) at fc. In this paper it is demonstrated that the CMF is confounded as a measure of frequency selectivity at low frequencies, since, for modulation frequencies around the CMF, the sideband that is most detectable changes with fc. For values of fc above 250 Hz, the lower sideband is most detectable. For values of fc below 200 Hz, the upper sideband is most detectable. These findings can account for the fact that the CMF flattens off at low carrier frequencies, reaching an asymptotic value of about 40 Hz, whereas the auditory filter bandwidth continues to decrease down to very low center frequencies.
INTRODUCTION
The critical bandwidth (CB) is a measure of the frequency resolution of the auditory system that can be derived using many different tasks. It can be defined empirically as "that bandwidth at which subjective responses change rather abruptly" (Scharf, 1970) . It is generally assumed that the CB reflects the operation of an array of bandpass filters (the "auditory filters") in the auditory system, and Scharf's definition has sometimes been taken to imply that the filters have rectangular or nearrectangular shapes. However, on close examination, most of the tasks that have been used to estimate the CB do not reveal any abrupt changes as a function of bandwidth. Rather, performance tends to change smoothly and progressively as bandwidth is altered (Moore and Glasberg, 1986; Patterson and Moore, 1986 ). This is not consistent with the idea that the auditory filters are rectangular in shape.
Recent methods for estimating the shape of the auditory filter have been based largely on the use of ripplednoise (Houtgast, 1977; Pick, 1980; Glasberg et aL, 1984) or notched-noise (Swets etal., 1962; Patterson, 1976;  Patterson and Moore, 1986) maskers. These measurements have revealed that the auditory filter has a rounded top and sloping edges. A popular measure of the bandwidth of the auditory filter as estimated in these experiments is its equivalent rectangular bandwidth (ERB) (Patterson and Moore, 1986 ). In the remainder of this paper, "ERB" will be used to refer to the auditory filter bandwidth measured in this way.
It is generally assumed that the CB should be related to the ERB. Indeed, for some methods that have been used to estimate the CB, it is possible to derive a theoretical Moore and Glasberg (1986) showed that an assumed ERB of 130 Hz at a center frequency of 1000 Hz led to a predicted CB for loudness of about 165 Hz, which is close to the empirically obtained value (Zwieker et al., 1957) . In general, the relationship between the ERB and the CB will depend both on the type of experiment used to estimate the CB (e.g., loudness summation or masking) and on the method used to derive CB values from the data. However, for any given method, the CB and the ERB would be expected to vary with frequency in a similar way. The "traditional" function relating the CB to center frequency (Zwicker, 1961; Scharf, 1970; Zwicker and Terhardt, 1980 ) is similar in form to the function relating the ERB to center frequency Glasberg, 1983, 1987 ; Glasberg and Moore, 1990) for center frequencies above 1000 Hz. However, at low center frequencies the "traditional" CB function flattens off, reaching an asymptotic value of about 100 Hz, whereas the ERB function continues to decrease down to very low center frequencies Peters and Moore, 1992) . Early estimates of the CB at low center frequencies were strongly influenced by measurements of the critical modulation fre-quency (CMF) (Zwicker and Fastl, 1990 ). This paper is especially concerned with the discrepancy between the ERB and the CMF at low frequencies, and so we present next a more detailed description of the measurement of the CMF.
An amplitude-modulated (AM) sine wave with modulation index in, and a frequency-modulated (FM) sine wave with modulation index fi, may each be considered as composed of three sinusoidal components, corresponding to the carrier frequency and two sidebands (an FM wave actually contains many sidebands but, for small modulation indices, the amplitudes of all but the first two sidebands are negligible). When the modulation indices are numerically equal (rn=/3), and when the carrier frequencies and modulation frequencies are the same, the components of an AM wave and an FM wave are identical in frequency and amplitude, the only difference between them being in the relative phase of the components. If, then, the two types of wave are perceived differently, the difference is likely to arise from a sensitivity to the relative phase of the components, which affects the temporal structure of the sound.
Zwicker (1952), Schorer (1986) , and Sek (1994) measured the just-detectable amounts of amplitude or frequency modulation, for various rates of modulation. They found that for high rates of modulation, where the frequency components were widely spaced, the detectability of FM and AM was equal when the components in each type of wave were of equal amplitude (m =/3). However, for low rates of modulation, when all three components fell within a narrow frequency range, AM could be detected when the relative levels of the sidebands wcrc lower than for a wave with a just-detectable amount of FM (m </3). This is illustrated in the upper panel of Fig. I (data from Sek, 1994). Thus, for small frequency separations of the components, subjects appear to be sensitive to the relative phases of the components, while for wide frequency separations they are not.
If the threshold for detecting modulation is expressed in terms of the modulation index, m or/3, the ratio/3/m decreases as the modulation frequency increases, and approaches an asymptotic value of unity [or zero if the value of log(m//3) is used]. This is illustrated in the lower panel of Fig. 1 . The modulation frequency at which the ratio first becomes unity is the CMF. Zwicker (1952) and Schorer (1986) suggested that the CMF is reached when the spectral sidebands in the stimulus first become detectable. Once the modulation is detected in this way, the relative phases of the components do not play a role. Zwicker (1952) and Schorer (1986) suggested further that the CMF corresponded to half the value of the CB; essentially, tbe CMF was assumed to be reached when the overall stimulus bandwidth reached the CB. If this is correct, then the CMF may be regarded as providing an estimate of the CB at the carrier frequency. (4) Combination tones do not appear to influence the results, so the method can be used over a wide range of sound pressure levels of the stimuli.
Further analysis, elaborated below, suggests that reasons (1)-(3) may not be entirely valid. Furthermore, the interpretation of the CMF proposed by Zwicker (1952) and by Schorer (1986) may not be completely correct. Hartmann and Hnath (1982) suggested that the CMF corresponds to the point where the lower sideband in the spectrnm first becomes detectable. The threshold for detecting the lower sideband depends more on the selectivity of auditory filters centered close to the frequency of the sideband than on the selectivity of the auditory filter centered on the carrier frequency. Furthermore, the level of the sideband relative to that of the carrier may be altered by transmission through the middle ear, especially at low frequencies, where the efficiency of transmission may change markedly with frequency (Zwislocki, 1975; Rosowski, 1991) .
Perhaps a more serious problem comes from the possibility that, at the CMF, detection is not always based on the lower sideband. The results of several experiments support the idea that, at medium to high center frequencies, the lower sideband is more detectable than the upper sideband (Hartmann and Hnath, 1982; Ozimek and Sek, 1987; Moore and Sek, 1992 ). However, this may not be the case at low center frequencies. If detection were based on the upper sideband at low carrier frequencies, then the CMF would not provide a good estimate of the CB, or the ERB of the auditory filter, since the sideband on which detection is based would change as the center frequency was changed.
The main purpose of the experiments reported here was to explore the mechanism of modulation detection for low carrier frequencies and for modulation frequencies around the CMF; more specifically, we wished to determine whether the detection of AM and FM for modulation frequencies at and above the CMF depended on detection of the lower sideband, the upper sideband or both, and whether this changed with carrier frequency. To establish this, the results from two experiments were compared. In the first experiment, thresholds were measured for the detection of AM and FM, using several different (low) cartier frequencies and a range of modulation rates around the CMF. The thresholds were expressed in terms of the levels of the sidebands at threshold. In the second experiment, thresholds were measured for detecting a single sinusoid, In a third experiment we examined the question of which sideband is most detectable by studying the detection of combined AM and FM (mixed modulation, as a function of relative modulator phase.
I. EXPERIMENTS I AND 2

A. Stimuli
In experiment 1 (modulation detection), the carrier was a sinusoid with frequency fc= 125, 160, 200, or 250 Hz, and with a level of 70 dB SPL. The carrier was sinusoidally modulated in amplitude or frequency, using modulation frequencies from 20 to 70 Hz in 10-Hz steps. These modulation frequencies were chosen to encompass the CMF, which is typically about 40 Hz for low carrier frequencies (Zwicker, 1952; Schorer, 1986; Sek, 1993) . Signals were generated using a Masscomp 5400 computer system via a 16-bit digital-to-analog converter (DAC, Masscomp model DA04H) at a sampling frequency of 10 kHz. The output of the DAC was low-pass filtered (Kemo VBFS/04, 90-dB/oct slope) with a cutoff frequency of 4 kHz, passed through a manual attenuator and delivered via one earpiece of a Sennheiser HD 414 headset.
In experiment 2 (masking), the masker had the same frequencies as the carrier in the modulation-detection experiment; the masker was a sinusoid with frequency re= 125, In both experiments, two successive sounds were presented on each trial. One of them was a sinusoid with frequency fe and the other one was either a modulated sinusoid with carrier frequency equal to fc (experiment 1 ) or that same sinusold together with a single sinusoidal signal (experiment 2). The order of the sounds in a pair was random. Each sound had a duration of 500 ms including raised-cosine rise/fall times of 50 ms. The interstimulus interval was 500 ms.
B. Procedure
An adaptive two-alternative forced-choice (2AFC) procedure was used. Subjects were required to indicate the interval containing the modulated carrier (experiment 1) or the masker plus signal (experiment 2). Observation intervals were marked by lights on the response box and correct-answer feedback was provided by illuminating the fight corresponding to the correct interval. The modulation index (rn or/5) in experiment 1 or the level of the signal in experiment 2 was increased after one incorrect response and decreased after three successive correct responses. This procedure tracks the point on the psychometric function corresponding to 79.4% correct (Levitt, 1971 ). In experimcnt I, the modulation index was changed by a factor of 1.5 until four reversals had occurred, and by a factor of 1.26 for the rest of the run. In experiment 2, the initial step size of 5 dB was changed to 2 dB after the fourth reversal. Hz, using the same procedure as for experiment 2.
C. Subjects
Three subjects with normal hearing at all audiometric frequencies were used. One was the author AS. The other two subjects were paid for their services. All subjects were trained for about 10 h, after which their performance appeared to be stable. For fc=250 Hz (Fig. 5) It should be emphasized that the conclusions stated above apply for modulation rates greater than the CMF (about 40 Hz). For modulation rates less than this, thresholds for detecting AM were typically lower than those for detecting FM. Furthermore, in the case of AM, the level of the most detectable sideband at threshold was usually slightly lower than the threshold for that sideband when presented alone. For example, in Fig. 3 , the open squares at 180 Hz (level of the upper sideband at modulation detection threshold) are below the filled squares (threshold for a 180-Hz sinusoid). This indicates that detection of AM was probably not based on detection of individual sidebands. Rather, at these low modulation rates, it appears that the auditory system is able to follow the temporal structure of the modulated stimuli as determined by the interaction of the carrier and both sidebands. The modulation is heard as loudness (AM) or pitch (FM) changes or as roughness (Terhardt, 1974; Kemp, 1982) . Similarly, in experiment 2, when the stimulus in the signal interval consisted of two sinusolds separated by 20 or 30 Hz, subjects reported hearing a rapid loudness fluctuation, corresponding to beats. However, the peak-to-valley modulation depth (in dB) produced by two sidebands (modulation detection) is about twice that produced by a single sideband (experiment 2) at the same relative level. This can explain why the levels of the sidebands at the AM modulation detection threshold were usually lower than the thresholds for the single most detectable sideband, for modulation rates less than the CMF. 
for Av----(Ao/2) Im-BI,
A•:---(Ao/2) lm+B l,
for Aqb=rr/2 and 3rr/2, Av=A L= (Ad2) 4(m2 +1•2).
In this experiment, we initially determined thresholds for detecting AM alone and FM alone. The threshold modulation index for AM will be denoted by mth and that for FM by •th' Next, thresholds were measured for detecting FM, when that FM was combined with "subthreshold" amounts of AM (rn <rnth ) at the same modulation frequency. Equations (2) to (6) can be rewritten to apply to this situation on the assumption that the threshold for detecting the MM corresponds to a fixed level of the most- 
for A&=rr, la/Bth = 1 +m/ruth, Three subjects with normal heating at all audiometric frequencies were used. One was author AS. The other two subjects were paid for their services. All subjects were trained for about 10 h, after which their performance appeared to be stable.
C. Results
Thresholds for detecting AM alone and FM alone are given in Table I . Subject CL tended to have slightly higher thresholds than the other subjects. All subjects showed slightly worse performance at f½= 125 Hz than at the two higher carrier frequencies. For each subject at each fo the For f½=250 Hz (Fig. 8) , the pattern of results is different from that for f•= 125 Hz, and it also varies across subjects. For subject CL, the FM thresholds tend to be highest for A•=•r, as was the case for re= 125 Hz. However, for the other two subjects, thresholds tend to be highest for A•=0. It appears thai:, for f•=250 Hz, neither one sideband nor the other dominates overall in determining the threshold. In all probability, the sideband that is dominant varies with the relatiw• levels of the sidebands and with the exact characteristics of the auditory filters of the individual subjects.
For f½=500 Hz (Fig. 9) However, the changes in threshold with changes in the value of rn are somewhat less than predicted.
III. DISCUSSION
The results presented above indicate that the CMF does not provide a direct measure of frequency selectivity at the carrier frequency, at least for low carrier frequencies.
Contrary to the claim of Schorer (1986), the CMF is affected by off-frequency listening, in the sense that modulation threshold at the CMF depends on detection of one or the other of the sidebands. For example, at a carrier frequency of 125 Hz, the modulation detection threshold at the CMF is primarily determined by the threshold for the sideband at 165 Hz; that sideband would be detected using the output of an auditory filter centered at or slightly above 165 Hz, rather than a filter centered at 125 Hz. The fact that the most detectable sideband switches from the lower one to the upper one as the carrier frequency decreases means that the CMF is confounded as a measure of frequency selectivity, since the auditory filter centered on the upper sideband will have a greater bandwidth than the auditory filter centered on the lower sideband.
The data show that, for masker frequencies below 200 Hz, the threshold for detection of a single sinusoidal signal is greater for a signal below the masker frequency than for a signal an equivalent amount above the masker frequency. Indeed, for the lowest masker frequency used (125 Hz}, the signal threshold actually increased as the signal frequency was decreased from 105 to 55 Hz. There may be several reasons for these effects:
(1) The transfer function of the middle ear would result in an attenuation of low-frequency signals relative to the level of a higher-frequency masker (Zwislocki, 1975; Rosowski, 1991} ; conversely, the level of signals above the masker in frequency would be boosted relative to the masker level.
(2) The cochlea may be characterized by a relatively high level of internal noise at low frequencies (Nedzelnitsky, 1980). It has been argued that this noise is partly responsible for the marked increase in absolute threshold at very low frequencies  Zwicker and Fastl, 1990}. The internal noise would make it more difficult to detect a low-frequency sinusoidal signal in the presence of a higher-frequency sinusoidal masker, both by exerting a direct masking effect and by restricting off-frequency listening (Patterson and Moore, 1986) .
(3) The signal-to-masker ratio required for threshold may increase at low frequencies. It seems likely that the main cue used for signal detection when a single sideband was present was the beating produced by the interaction of the signal and masker. The higher the level of the signal relative to the masker, the greater is the beat "depth" (the peak-to-valley ratio in dB). Riesz (1928} and Harris (1963) showed that the beat depth required for the detection of beats increased markedly at low frequencies. In addition, the detectability of beats decreases with increasing beat rate (above 3-4 Hz) and with decreasing sensation level (Riesz, 1928; Harris, 1963 Glasberg and Moore, 1990 , for the rationale for using a "correction"}. The difference in excitation level for the carrier alone and the carrier-plus-sideband was used to calculate the beat depth (the peak to valley ratio in dB} at each center frequency on the excitation pattern.
For the 125-Hz carrier, the maximal beat depth was about 4.6 dB, and it occurred for an auditory filter centered around 173 Hz; the mean excitation level at the output of that filter was about 38 dB. Such a beat depth is reasonably consistent with the threshold values published by Riesz (1928) , taking into account the low carrier frequency and relatively high beat rate, although he did not present resuits for the exact combination of center frequency and beat rate relevant here. For the 250-Hz carrier, the beat depth increased monotonically with decreasing center frequency below about 200 Hz. However, the excitation level decreased monotonically over this range, and the detectability of beats decreases markedly at sensation levels below about 20 dB (Riesz, 1928; Harris, 1963) . Over the region of the excitation pattern where the mean excitation level was between 20 and 30 dB (center frequencies from about 142-161 Hz), the beat depth was between 5.9 and 4.5 dB. This is of the same order as the maximal beat depth for the 125-Hz carrier and 161.5-Hz sideband. Thus the values of the CMF for the two carrier frequencies, 125 and 250 Hz, can be reconciled, at least to a first approximation, with the estimates of auditory filter bandwidth and shape summarized by Olasberõ and Moore (1990).
IV. CONCLUSIONS
The CMF is confounded as a measure of frequency selectivity for several reasons. First, for modulation frequencies around the CMF, the sideband that is most detectable changes with f½. For carrier frequencies below 200 Hz, modulation detection thresholds correspond to the threshold for detecting the upper sideband in the spectrum. For carrier frequencies above 250 Hz, modulation aletee-tion thresholds correspond to the threshold for detecting the lower sideband in the spectrum. For cartier frequencies in the range 200 to 250 Hz, both sidebands :may contribute to the detection of modulation, although this depends somewhat on the individual subject. Second, the CMF is probably influenced by changes in effective sound spectrum produced by middle ear transmission, by internal noise at low frequencies, and by changes in the detectability of beats with frequency, sensation level, and beat rate.
Taken together, these factors can account for the fact that the CMF flattens off at low carrier frequencies, whereas the auditory filter bandwidth continues to decrease down to very low center frequencies.
